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Introduction
The p-type semiconducting Cu 2 O is an oxide semiconductor with a direct band gap of about 2.0 eV. With a large hole mobility at room temperature, ~100 cm 2 V -1 s -1 , Cu 2 O is very promising for applications in optoelectronics and as a diluted magnetic semiconductor (DMS) [1] . The magnetic properties of this material with and without magnetic doping are therefore of fundamental interest to the spin polarized transport behaviours. For the magnetic properties of doped samples, observations of room temperature ferromagnetism in the Al and Co co-doped Cu 2 O film [2] and in the Mn doped Cu 2 O films [3, 4] have been reported. In the early days, Zener proposed that the indirect exchange interaction between localized d-shell electrons via the itinerant conduction electrons leads to ferromagnetic (FM) coupling [5] . By this theory, the ferromagnetism of Fe, Co, and Ni has been successfully accounted for [6] . Later on, the theory for the indirect exchange coupling via the itinerant electron was further developed by Ruderman and Kittel [7] , Kasuya [8] , and Yosida [9] (RKKY). For DMS systems, the RKKY interaction was proposed to describe the exchange coupling between the doped magnetic impurities [10] [11] [12] . On the other hand, with pure Cu 2 O where neither Cu +1 nor O 2-is magnetic ion and the d shell of Cu +1 is full, the magnetic properties are diamagnetic [13] . In experiments, pure Cu 2 O is found to show diamagnetic or paramagnetic (PM) properties, with the room temperature susceptibility of χ = -0.2×10 -6 [14] , 0.3×10 -6 [15] and -0.155×10 -6 emu/g-Oe [16] . In addition, PM moments in the diamagnetic background have also been observed [16] .
It is believed that the detected magnetic moments arise from the presence of cation vacancies which are due to the oxygen excess during the treatment of the Cu 2 O sample [16] . This suggests a process-dependent magnetic property with an undoped Cu 2 O sample.
Recently, weak ferromagnetism has been reported with nonmagnetic HfO 2 film [17] .
It has been ascribed to the presence of Hf vacancies by the DFT calculation [18] . An ab initio calculation for the electronic structure shows that Hf vacancies will lead to ferromagnetically coupled high-spin defect states. This is the case for CaO in which Ca 2+ vacancy is predicted to exhibit local magnetic moment by an Ab initio 4 calculation [19] . Weak ferromagnetism has also been observed with nonmagnetic TiO 2 and In 2 O 3 films [20, 21] . It is also attributed to the defect states. Sundaresan et al., even claimed that ferromagnetism is a universal property of nonmagnetic oxides nanoparticles [22] . They have observed room temperature ferromagnetism in nonmagnetic oxides such as CeO 2 , Al 2 O 3 , ZnO, In 2 O 3 , and SnO 2 , with diameters ranging from 7 to 30 nm. The origin of the ferromagnetism has been attributed to the oxygen defects [22] . It is revealed by the above-mentioned experiments and theoretical calculations that defect vacancies are an important cause for the presence of weak magnetism with a nonmagnetic material. However, there are also different opinions. For example, Osorio-Guillén et al [23] have pointed out that it is impossible to achieve sufficient vacancies needed in CaO to account for the ferromagnetism even with the most favorable growth conditions at equilibrium. This is attributed to the extremely high formation energy of a vacancy. Experimentally, Abraham et al [24] and Rao et al [25] did not observe ferromagnetism with undoped HfO 2 films. More interestingly, a measurable FM signal with a HfO 2 film is reported and is ascribed to the contamination from the stainless-steel tweezers [24] . In the work by Sundaresan et al [22] , the observed saturation magnetization for a series of nonmagnetic oxides are on the order of 10 -4~1 0 -3 emu/g. An impurity concentration of 5×10 -7~ 5×10 -6 g-Fe/g-sample (0.5 ~ 5 ppm) is sufficient to explain the observed ferromagnetism. This is far beyond the detection sensitivity of the instruments used in most of the reported experiments [17, [20] [21] [22] [23] , for example, x-ray diffraction (XRD) with a sensitivity of a few percent and energy-dispersive x-ray (EDX) analysis with a sensitivity of a few parts in a thousand.
Nanoparticles of Cu 2 O with different sizes and morphologies have been synthesized [26] [27] [28] [29] [30] [31] . As an example, nano-cubes with average edge length varying from 200 to 450 nm have been reported [26] . In this article, we report investigations on the magnetic properties of micron-and submicron-sized, undoped Particularly, a ferromagnetically coupled ground state is predicted with a local concentration of cation vacancies, n C , exceeding 12.5%. More interestingly, the total magnetic moments corresponding to n C = 12.5% along with the contribution from the detected impurities almost account for the observed magnetism.
Sample preparation and characterization
The magnetic properties of pure were dissolved in 100 ml of distilled water, which was stirred with a magnetic stirrer.
The solution was then heated in a water bath at a constant temperature of 54 o C, and (111) and ( 1 1 1 ), coincides with the calculated value, 70.48 o , for the cubic lattice structure. emu.g -1 .
Oe -1 at 300 K). This value is almost temperature-independent, within 5% from 5 to 300 K. going up to T = 380 K. This is a typical behaviour for FM materials, such as Co [35] and Ni [36] . It indicates that the blocking temperature and, hence, the Curie temperature of the observed ferromagnetism is higher than 380 K. By linear extension of the M ZFC (T) and M FC (T) curves to the regime of higher temperature, the Curie temperature is then estimated as T C ~ 455 K at the intersection, see figure 3 (b). 
Characterization of magnetic impurity and analysis
In order to account for the magnetic moments observed with the 4 different powder samples by the magnetization measurements, the magnetic impurity level, in particular, the concentration of Fe, Co and Ni, has been analysed by EDX and ICP-AES. For the EDX analysis, the powdered sample was ultrasonically dispersed in aqueous ethanol, then, several drops of the solution were placed on a quartz glass and dried in air. In order to enhance the electrical conductivity, the quartz glass with the sample was sprayed with Au before observation. The EDX analysis was carried out at five analysis dots randomly selected over the sample. The EDX spectrum for the FM polyhedra is shown in figure 4 . The Si and Au peaks are attributed to the quartz glass 12 and the distribution of the sprayed Au. The single peak with energy slightly below 2 keV arises from both Si and Au which overlap each other. With this spectrum, there is no signal for any magnetic impurity. In particular, it does not reveal any sign for the presence of Fe, Co, and Ni, as marked in the spectrum. It indicates that the concentration of any possible magnetic impurity is below a few parts in a thousand.
Further analysis on the impurity concentration has been performed by ICP-AES for the diamagnetic octahedra, PM nanospheres, and FM polyhedra. For the diamagnetic octahedra with χ OH = -9.5×10 Usually, the magnetic property is intrinsic for a substance. It is independent of the sample morphology. However, extrinsic effects, such as the presence of magnetic impurities or crystal defects, are known to alter the magnetic properties. These extrinsic properties depend heavily on the synthesis process and, perhaps, the procedure of measurements due to contamination. In the experiment described above, the magnetic susceptibility for the four Cu 2 O samples under investigation is different from sample to sample. It obviously depends on the synthesis process and even on each individual run by the same process. It indicates that the variation of the magnetic properties for the samples is attributed to the extrinsic effects. According to the above analysis, the detected magnetic impurities of Fe, Co, and Ni with concentration on the order of a few hundred ppm or less are not enough to account for the magnetic moments exhibiting the observed susceptibility of the PM sample or the saturation magnetization of the FM sample. Therefore, lattice defects are one of the possible candidates to explain the unaccounted magnetic moments. In the following, we have carried out numerical calculations by DFT to investigate the excessive magnetic moments due to the presence of oxygen and cation vacancies. The dependence on the concentration of defects is also studied.
Cation vacancy-induced magnetic moments and magnetic ground state by DFT calculations
Numerical calculations have been performed to evaluate the magnetic moment arising from the crystal defects, including the oxygen (V O ) and the cation vacancies (V Cu ).
The calculation is by the density functional theory (DFT) within the general gradient approximation (GGA) [38] . See table 2 for the values by calculation.
The energy difference between the FM and AFM states is reduced with decreasing n C . With n C ~12.5%, the energy for the FM state is ΔE = E FM -E AFM = -0.014 eV, which 
Discussion
According 
